ABSTRACT The kinetics of sodium movement into human red blood cells has been studied in vivo with 24Na. When human serum albumin-31 1 is used to measure the percentage of plasma trapped in the packed red blood cells after centrifugation, approximately 30 % of red blood cell sodium is found to equilibrate immediately with plasma. It is concluded that this immediately exchangeable compartment of red blood cell sodium is an experimental artefact, associated with the use of labeled albumin for measuring plasma trapping. This immediately exchangeable fraction disappears when sucros'e-4 C is used to measure plasma trapping. The experimental results were examined by compartmental analysis, using an analogue computer. The results obtained, when plasma trapping was measured with sucrose-' 4 C could be simulated by the use of models containing two compartments, arranged in series or in parallel. The errors of the techniques used and the possible physical basis for the results are discussed.
travenously, the initial ratio of plasma to red blood cell specific activity is much greater than twenty, and accurate estimation of trapped plasma sodium is still more important. The results of studies of plasma sodium trapping and of the measurement of sodium concentration in human red blood cells are described elsewhere (2) . In this paper only those aspects of the problem which have arisen from, or thrown light on, these in vivo experiments are discussed.
A detailed description of the methods used for measuring sodium, 2 4 Na, human serum albumin-'l3I (31IHSA), and sucrose- 1 4 C is given elsewhere (2) .
EXPERIMENTAL METHODS
Eight subjects, selected from patients in the wards, were studied. All volunteered to take part in the experiments and to receive radioactive material. None was suffering from a disease, or was receiving treatment, that was considered likely to influence sodium distribution. Subjects were given a normal ward diet, supplemented with 6 g of salt daily for 5 days before the experiment. After an overnight fast radioactive sodium was injected intravenously at 8 a.m. The subjects remained in bed throughout the experiment, but ate normally after a delayed breakfast at 9:30 a.m. A high fluid intake was maintained throughout the day.
All radioactive material was obtained from the Radiochemical Center, Amersham. 24 Na was dispensed in 2 ml sterile isotonic saline by the Department of Physics, King's College Hospital. The dose was 3 1c per kg body weight. Serial blood samples were drawn from the arm not used for injection into plastic syringes containing ammonium heparin (30 units per ml plasma). 9 g samples of blood (5 g in the first experiment) were immediately weighed into cellulose nitrate tubes with an internal diameter of 11 mm which was assumed to be constant; these were centrifuged as soon as possible in a MSE hematocrit centrifuge, governed at 3000 (:t30) RPM for 1 hr. RCF at the base of the tubes was 1460 g. The time from sampling to start of centrifugation varied, but was usually 5 to 10 min.
Plasma samples were transferred to beakers for measurement of sodium and 24 Na content. The centrifuge tubes containing the packed red blood cells and a layer of plasma were frozen in a C0 2 -ethanol mixture and sectioned 0.5 to 1.0 mm below the buffy coat-red blood cell interface by an electric saw, in apparatus specially constructed by the Department of Physics, King's College Hospital. In experiment 5, the frozen red blood cell column was cut into upper and lower halves. 24 Na was counted in all samples; plasma and red blood cell sodium were estimated in six to twenty samples and a mean concentration used for all calculations. In the first five experiments, 1HSA was used to measure plasma trapping. The material was dispensed by the Department of Physics after twice being passed through an anion-exchange resin (Amberlite IRA-400 Cl) within 12 hr of the start of the experiment; it was then stored at 4 0 C in a container withfree resin, before and throughout the experiment. ' 31 IHSA was added in vitro to blood samples, taken before injection of 24 Na and serially afterwards, and mixed. One or two tubes were included in each centrifuge load. These samples were stored for a week after processing to allow 24 Na to decay, before counting 13lI. A mean value for 1 1IHSA trapping was obtained and used to estimate trapped plasma sodium. It was assumed, in the plasma-trapping corrections, that the weights of all red blood cell samples and therefore the heights of the packed cell columns assayed, were constant. In experiments 6, 7, and 8, sucrose-14C was used to estimate trapped plasma sodium. In experiments 6 and 7, the material was added to samples of blood, which were included in each centrifuge load. In experiment 8, the percentage of plasma trapped was obtained for each sample from a regression equation relating sucrose-' 4 C trapped to the weight of red blood cells sampled (2) . The equation wasy = 2.8214 + 0.2398 x, wherey was the percentage of trapped plasma sodium and x the weight in grams of red cells sampled.
Plasma specific activity and red blood cell specific activity were calculated for each blood sample. In experiments 3 to 8 calculations were performed by digital computer.
ANALYTICAL METHODS
The experimentally observed plasma specific activities were plotted on graph paper against time and the best possible smooth curve was drawn through them with conducting ink. A standard curve follower was used to generate a voltage proportional to plasma specific activity as an input to a PACE analogue computer. Attempts were then made to simulate the experimental red blood cell specific activity data.
Using compartmental analysis, the general model to describe the system is given by
where R(t) is the measured red blood cell specific activity at time t, N is the number of compartments, Aj is the fraction of the total number of sodium ions in the jth compartment, and Rj(t) is the specific activity of sodium in the jth compartment. Equation 1 is analogous to equation 7 of Gold and Solomon (1), except that their term +ry has disappeared. In the present model these are by definition fractional parts and their sum is unity, i.e.
Models with compartments in series and in parallel were tested. For parallel models, the equations for the system are:
where P is the plasma specific activity and Ki is the flux constant between the plasma and the jth compartment. For series models, the equations are:
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where K 1 represents the flux constant between plasma and the first compartment
for j = 2 to (N--l) Na of known activity. As the activity of this sample w sometimes in doubt, no weight should be placed on activity differences found between experiments. With each experiment absolute comparisons are valid.
and (6) A, dRt = KN(RN-1 -RN) dt
These equations are the same as those of Gold and Solomon, stated in more general terms.
RESULTS
Plasma and red blood cell specific activities and sampling times from experiments 1 to 4 are listed in Table I , and those from experiment 5 in Table II. In these experiments in which IIIIHSA was used to measure plasma sodium trapped in the packed red blood cell layer, it can be noted that red blood cell specific activity in the first sample taken was appreciable. Furthermore, in experiments 2, 3, and 5, red blood cell specific activity fell for the first 15 or When these results were examined with the analogue computer, it was found that the experimental results could only be simulated (with both parallel and series models) by the inclusion of a red blood cell compartment of appreciable size with a time constant approximating zero. In other words an appreciable amount of red blood cell sodium appeared to be in immediate equilibrium with plasma sodium. The fractional volume of this immediately exchangeable compartment, Al, could be determined approximately because
since R 1 (0) = P(0) and Rj(O) = 0 for J 1. Table II .
Hours
In other words the ratio of red blood cell specific activity to plasma specific activity at zero time equals the fractional volume of this compartment. The values for A 1 obtained in experiments 1 to 4 are given in Table I .
There are a number of possible explanations for the finding of an immediately exchangeable compartment which we discuss elsewhere (2) . One into two portions and the specific activity of each was calculated separately. Although there are differences between the curves for younger and older cells, these differences are small and are inadequate to explain the existence of the immediately exchangeable compartment in terms of this hypothesis. It was concluded (2) that the immediately exchangeable compartment was in fact trapped plasma sodium, which was erroneously being estimated as red blood cell sodium, and that 11IHSA is not a suitable indicator for plasma sodium trapping.
Further analysis of the results of these experiments with the analogue computer showed that no simple single compartment of fractional volume A = (1 -AI), in series or in parallel with the immediately exchangeable compartment, could account satisfactorily for the experimental curves. This conclusion was proved by setting up on the computer the equations:-
Rl(t) = P(t)
A 2 = K 2 (P -R2) At and Solutions were generated for R(t) for a range of values of K 2 sufficiently wide to embrace all the experimental points. Since K 2 was the only parameter which could be varied in the equation, the lack of agreement between any individual curve and all the experimental points showed conclusively that a simple single compartment cell theory is untenable. Fig. 3 illustrates this with the results of experiment 1.
R(t) = ARi(t) + (1--A)R 2 (t)
When two compartment cell models were set up, either in series or in parallel with the immediately exchangeable compartment, good agreement with the experimental results was obtained. The fractional compartment sizes A 2 and Aa were approximately equal to each other, and to A , the immediately exchangeable compartment.
In experiments 6, 7, and 8, a figure derived from sucrose-' 4 C trapping was used to estimate plasma sodium trapped with the packed red blood cells. The results of these experiments are listed in Tables III and IV . It can be noted that red blood cell specific activities approximate zero at zero time. The disappearance of the immediately exchangeable red cell compartment was confirmed when the experimental curves were simulated on the analogue computer, but the results were still inconsistent with a simple single compartment model for the red blood cell. Two compartment models for the red blood cell were set up, with compartments both in series and in parallel, and good agreement was obtained with the experimental results. The subscripts f and s are used to describe these two compartments.
For both series and parallel models, the procedure used for determining the best fitting values for K,, Ks, A, and A, was the same. As it was impossible to solve the problem in an economically feasible time using standard fixed scaling techniques, a technique of variable time scaling was applied, so that time varied slowly in the initial stages when the rate of change of specific activity was high, and continuously more quickly as the rate of change of specific activity decreased.
In this group of subjects K/K > 8/1 and, by placing K. at zero while determining Af and Ki, it was possible to converge relatively quickly on the solution, only small adjustments then being necessary to A 1 and K, when A, and K, were being determined. An attempt was made to determine what might be called the visual limit of error. When a plot had been obtained which gave the best visual fit to the experimental results, the parameters could still be varied within a limited range, and with compensation to the other parameters, still produce a curve which appeared to give as good a fit.
Values for Af, A,, Kf, and K. with the visual limits of error as described, are listed in Table V , and a typical curve (from experiment 6) illustrated in Fig. 4 .
DISCUSSION
Reasons are given elsewhere (2) for concluding that the finding of an immediately exchangeable compartment of red blood cell sodium is an experimental artefact, and is due to the use of 8 1IHSA to measure plasma trapping. Even when the immediately exchangeable compartment is excluded, model systems containing at least two compartments are required to account for sodium exchange between plasma and cells, a finding in agreement with previous studies, both in vivo and in vitro (4) (5) (6) . Because of differences in experimental and analytical methods, it is not possible to compare flux rates and compartment sizes in these experiments with those obtained by Gold and Solomon (1) . Thus values for total red blood cell sodium obtained by Gold and Solomon, using I 3 1 IHSA to measure trapped plasma sodium were higher (mean 12.1 meq/liter cells) than values obtained in these studies (means of 9.00 and 7.15 meq/kg cells for experiments 1 to 4 and 6 to 8 respectively). Furthermore Gold and Solomon assigned to K a value derived from previous in vitro experiments (4) ; finally their model curve did not fit the experimental data satisfactorily.
If it is accepted that the exchange of sodium between plasma and red blood cells can only be described by a multicompartment cell system, containing at least two compartments, in series or in parallel, two important questions must be posed. First, how accurate are the figures for compartment sizes and flux constants for an individual? Second, do these values derived from mathematical models have any physical meaning?
To obtain an intelligible estimate of the error of the compartment sizes and flux values, it will be necessary to translate the subjective and visual results of the analogue computer to the objective output of a digital computer, and then to obtain a measurement of error in terms of probability. The three main sources of error are: first, errors in the measurement of plasma trapping, which are relatively more important during the early stages of an experiment, when plasma specific activity is high; second, errors in timing which are constant and are attributable to continued equilibration between plasma and cells after centrifugation is started; and third, errors based on the assumption that plasma and cells are in a steady state throughout the course of an experiment. While no significant differences in total red blood cell sodium concentration have been demonstrated between day and night (7), it is possible that shifts in compartment sizes and flux rates may occur. To fix the slow compartment parameters with any degree of assurance, it is at present necessary to continue sampling for 24 hr.
The second question posed earlier is related to the physical significance of compartmental models. Two main hypotheses have been advanced to account for the relatively complex nature of sodium flux into red blood cells.
The first hypothesis provides a parallel solution and the second a series solution.
Joyce (8) suggested that sodium flux between plasma and an individual cell may be described by a simple first-order process, and that inability to describe the sodium flux of a cell population in terms of a first-order process may be due to heterogeneity of the red cell population, some cells being more permeable and some cells less permeable to sodium ions. His experimental results appeared to lend some support to this hypothesis. In his experiments, however, a constant value, 4.65%, for trapped extracellular fluid was applied to the top, middle, and bottom portions of the packed red cell column. Since the radius of centrifugation varied from 10 cm at the top to 15 cm at the bottom, the mean relative centrifugal force applied to each portion of the column must have varied, and the results therefore should be treated with reserve.
The results of experiment 5 showed that the immediately exchangeable fraction of red blood cell sodium (present when 3IIIHSA was used to measure plasma trapping) was not a function of red blood cell age. The data were recomputed using a value derived from sucrose-1 4C trapping to estimate trapped plasma sodium. The revised values for plasma and red blood cell specific activity of younger and older cells, listed in Table VI, indicate that heterogeneity in respect of permeability to sodium exists as a function of cell age. It is, however, inadequate to account for the complex nature of sodium flux into an unselected population of red blood cells. Furthermore, the difference between the values of K, and K, in Table V for parallel models does not suggest the existence of a red blood cell population continuously distributed as regards permeability to sodium, about a single mode. It is more suggestive of a population distributed about two modes.
An alternative hypothesis, providing a series solution (6) , is that sodium flux into individual cells depends on two processes, first, exchange through the membrane and second, diffusion into the convection-free interior of the cell. The results of these experiments are consistent with this hypothesis. Although possible, it is more difficult to conceive of a parallel system affecting individual cells.
It is concluded that the most plausible working hypothesis that would account for the observed results is that sodium flux into red blood cells depends on a single process of exchange across the membrane coupled with slow diffusion into a convection-free interior. Both these processes are probably affected by increasing age of the cell. 
